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The  energy  gaps  were  studied  in  two  types  of  structures:  unrelaxed  bulk  In- 
Asi_xSbx  layers  with  x  =  0.2  to  0.46  grown  on  metamorphic  buffers  and  type  II 
InAsj  _rSb:r/InAs  strained-layer  superlattices  (SLS)  with  x  =  0.225  to  0.296  in 
the  temperature  range  from  T  =  13  K  to  300  K.  All  structures  were  grown  on 
GaSb  substrates.  The  longest  wavelength  of  photoluminescence  (PL)  at  low 
temperatures  was  observed  from  bulk  InAs0.56Sb0.44  with  a  peak  at  10.3  /im 
and  full-width  at  half-maximum  (FWHM)  of  11  meV.  The  PL  data  for  the  bulk 
InAsi^Sb*  materials  of  various  compositions  imply  an  energy  gap  bowing 
parameter  of  0.87  eV.  A  low-temperature  PL  peak  at  9.1  ;im  with  FWHM  of 
13  meV  was  observed  for  InAso.704Sbo.29e/InAs  SLS.  The  PL  spectrum  of  In- 
As0.775Sb0  225/InAs  SLS  under  pulsed  excitation  revealed  a  second  peak  asso¬ 
ciated  with  recombination  of  electrons  in  the  three-dimensional  (3D) 
continuum  with  holes  in  the  InAso.775Sbo.225-  This  experiment  determined  the 
conduction-band  offset  in  the  InAso.775Sbo.225/InAs  SLS.  The  energies  of  the 
conduction  and  valence  bands  in  unstrained  InAs^Sb*  and  their  bowing  with 
respect  to  the  Sb  composition  are  discussed. 

Key  words:  InAsSb,  SLS,  energy-band  offsets,  bowing,  broadening 


INTRODUCTION 

Development  of  bulk  InAsSb  alloys  and  InAsSb/ 
InAs  SLS  with  narrow  energy  gaps  is  attractive  due  to 
the  possibility  of  photon  generation  and  detection  in 
the  midwave  and  longwave  infrared  wavelength 
ranges. 1-8  Interest  in  these  materials  has  increased  in 
recent  years. 9-21  One  of  the  reasons  is  the  prediction 
and  demonstration  8-20  of  long  carrier  lifetimes  in 
both  bulk  InAsSb  and  InAsSb/InAs  SLS  grown  by 
molecular-beam  epitaxy  (MBE).  The  absence  of  Ga 
and  the  associated  carrier  recombination  centers 
likely  explain  the  relatively  long  carrier  lifetime  in 
InAsSb-based  materials  compared  with  InAs/GaSb- 
based  SLS.  Accurate  predictions  of  the  conduction- 
and  valence-band  energies  and  heterobarrier  offsets 
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are  critically  important  for  the  design  of  barrier 
photodetectors  with  low  dark  currents. 

In  the  case  of  bulk  InAsSb  alloys  with  high  Sb 
compositions,  the  lattice  mismatch  of  the  epitaxial 
layer  with  the  available  substrates  was  accommo¬ 
dated  with  various  types  of  buffer  layers. 2-7,18,21 
The  buffer  design  and  growth  conditions  can  have  a 
profound  effect  on  the  energy  gaps  of  InAsSb  alloys 
due  to  effects  of  residual  strain,  the  possibility  of 
Cu-Pt  ordering,7  and  strain  relaxation,  which  can 
explain  the  variation  of  the  reported  energy  gaps  for 
a  given  composition. 

In  previous  works  we  reported  PL  and  optical 
absorption  spectra  of  unrelaxed  unstrained  bulk 
InAsSb  grown  on  compositionally  graded  AlInAsSb 
or  GalnSb  buffers  on  GaSb  substrates.18,21  In  this 
work,  PL  spectra  were  obtained  for  structures  with 
AlInAsSb  buffers  of  both  newly  grown  and  previ¬ 
ously  studied  materials1  in  the  temperature  range 
extending  up  to  300  K  and  down  to  20  K  and  under 
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excitation  power  density  as  low  as  2  W/cm2.  The 
additional  data  on  the  dependence  of  the  energy  gap 
on  the  bulk  InAsSb  composition  resulted  in  an 
energy  gap  bowing  parameter  of  0.87  eV.  The  tem¬ 
perature  dependences  of  the  energy  gaps  for  bulk 
InAs0.8Sb0.2  and  InAs0.56Sb0.44  were  determined 
from  PL  spectra,  accounting  for  thermal  broaden¬ 
ing.  The  Varshni  parameters  for  bulk  InAsSb 
alloys  were  found  to  be  a  =  3.2  x  10“4  eV/K  and 
[3  =  100.3  K  for  Sb  composition  of  20%  and  a  = 
1.2  x  10~4  eV/K  and  j3  =  33.4  K  for  Sb  composition 
of  44%. 

The  PL  spectra  from  InAs-,  _xSbT/InAs  SLS  with 
Sb  compositions  from  x  =  0.225  to  0.296  were  mea¬ 
sured  in  the  temperature  range  from  13  K  to  150  K. 
The  parameters  of  the  SLS  were  close  to  those 
described  in  Ref.  19.  The  PL  energies  suggest  a 
negative  bowing  of  the  valence  band  of  InAsSb, 
similar  to  that  observed  in  Refs.  9,10,24.  Study 
of  the  PL  spectra  of  InAso.775Sbo.225/InAs  SLS 
under  pulsed  pumping  revealed  a  second  peak  at 
higher  photon  energy  in  addition  to  the  main  peak 
observed  under  continuous-wave  excitation.  The 
high-energy  peak  was  attributed  to  transitions  from 
the  3D  continuum  in  the  conduction  band  to  quasi- 
two-dimensional  (2D)  states  in  the  valence  band  of 
InAsSb.  Accounting  for  the  energy  shift  with  strain 
and  quantization  allowed  for  the  determination  of 
the  conduction-band  offset  at  the  InAso.775Sbo.225/ 
InAs  interface.  The  energies  of  the  conduction  and 
valence  bands  in  unstrained  InAsSb  with  respect  to 
InAs  were  determined  for  the  range  of  Sb  composi¬ 
tions  in  the  studied  SLS  structures.  The  fit  of  the 
dependence  of  the  valence-band  energy  of  unstrained 
InAsi^Sbj;  on  the  composition  x  with  a  constant 
bowing  parameter  suggests  a  value  of  -0.3  eV  for  the 
valence-band  bowing  parameter,  leaving  +0.57  eV  for 
the  bowing  parameter  in  the  conduction  band. 

STRUCTURES 

Bulk  InAsSb  epilayers  on  metamorphic  buffers 
and  InAsSb/InAs  strained-layer  superlattices  (SLS) 
were  grown  on  GaSb  substrates  by  solid-source 
MBE.  In  the  case  of  the  bulk  InAsSb  materials,  the 
lattice  mismatch  with  the  substrate  was  accommo¬ 
dated  with  compositionally  graded  AlInAsSb  buf¬ 
fers.1  During  epitaxial  growth,  the  topmost  portion 


of  the  buffer  remained  unrelaxed  under  a  residual 
strain,  with  almost  complete  relaxation  occurring  in 
the  lower  portion  of  the  grade,  beginning  at  the 
interface  with  the  substrate.  Transmission  electron 
microscopy  (TEM)  showed  a  clean  crystal  structure 
with  the  absence  of  cracks  or  dislocations  in  the  top 
200  nm  of  the  buffer  layers.  Reciprocal-space  map¬ 
ping  (RSM)  of  the  heterostructures  around  the  (335) 
reciprocal-space  point  showed  a  high  degree  of 
relaxation  (~95%)  of  the  lower  part  of  the  graded 
buffer.  The  overall  thickness  of  the  compositionally 
graded  buffer  was  varied  depending  on  the  required 
lattice  constant  of  the  topmost  layer.  To  keep  grad¬ 
ing  rates  consistent,  our  grade  thicknesses  ranged 
from  2  pm  to  3.5  pm  for  InAsSb  with  Sb  compositions 
ranging  from  20%  to  46%.  An  unstrained  200-nm- 
thick  AlInAsSb  carrier  confinement  layer  (virtual 
substrate)  with  lattice  constant  matching  the  lateral 
lattice  constant  of  the  topmost  part  of  the  buffer  was 
grown  before  the  InAsSb  layer.  The  composition  of 
the  InAs^Sb*  layer  was  selected  to  achieve  lattice¬ 
matching  of  the  confinement  layer  to  the  lattice 
constants  of  the  free-standing  (unstrained)  InAsSb. 
The  unintentionally  doped  InAsSb  layers  were  1  pm 
thick.  The  top  AlInAsSb  confinement  layer  was 
similar  to  the  virtual  substrate.  The  heterostructures 
were  capped  with  a  200-nm-thick  InAsSb  layer  of  the 
same  composition  as  the  bulk  material  to  prevent 
exposure  of  the  Al-containing  barrier  to  the  ambi¬ 
ent.  Details  of  the  growth  conditions  can  be  found 
elsewhere.18,21 

The  design  of  the  type  II  SLS  InAsi_xSbT/InAs  cells 
was  similar  to  that  published  in  Ref.  19.  The  InAsSb 
portions  of  the  SLS  period  had  Sb  compositions  that 
were  varied  in  the  range  from  22.5%  to  29.6%  by 
adjusting  the  Sb/As  beam  equivalent  pressures  as 
presented  in  Table  I.  All  SLS  structures  were  grown 
at  substrate  temperature  of  490°C  and  had  target 
thicknesses  of  173  A  and  72  A,  for  the  InAsSb  and 
InAs  layers,  respectively.  The  relatively  wide  cells 
were  chosen  to  minimize  the  energies  of  the  electrons 
and  holes  in  the  SLS.  This  approach  resulted  in  longer 
wavelength  for  the  given  range  of  Sb  compositions  and 
allowed  for  more  accurate  determination  of  the  energy 
offset  at  the  InAsSb/InAs  heterointerface.  No  AlSb 
confinement  layers  were  used,  in  contrast  to  the 
design  in  Ref.  19.  The  overall  thickness  of  the  SLS  was 
1  pm.  The  Sb  composition  was  determined  by  x-ray 


Table  I.  Details  of  the  samples  used  in  PL  measurements:  wafer  number,  widths  of  the  InAs  and  InAsSb 
layers,  composition  of  Sb  in  InAsSb,  and  PL  peak  energy  at  T  =  13  K 


Wafer 

InAs 

InAsSb, 

InAsSb 

Sb/As 

Residual 

Peak  Photon 

No. 

(nm) 

Sb% 

(nm) 

BEP 

Strain  (%) 

Energy  (eV) 

K1137 

17.0 

22.5 

7.06 

0.133 

-0.33 

0.191 

K1139 

17.7 

24.2 

7.38 

0.140 

-0.26 

0.175 

K1140 

17.5 

25.1 

7.30 

0.155 

-0.22 

0.172 

K1142 

17.5 

26.8 

7.30 

0.170 

-0.17 

0.152 

K1144 

17.3 

29.6 

7.20 

0.180 

-0.06 

0.137 
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Wavelength  (pm) 


Photon  Energy  (eV) 


Wavelength  (pm) 


diffraction  (XRD)  fitting.  The  actual  thicknesses  of  the 
layers  are  presented  in  Table  I.  Sharp  XRD  peaks  and 
relatively  narrow  PL  peaks  of  the  samples  indicated 


◄  Fig.  1.  (a)  Normalized  PL  spectra  of  bulk  lnAs0.8Sb0.2  and  lnAs0.56 
Sbo.44.  (b)  Normalized  PL  spectra  of  InAs  and  InSb  layers,  (c)  Nor¬ 
malized  PL  spectra  of  type  II  InAsSb/lnAs  SLS  with  Sb  compositions  of 
22.5%,  24.2%,  25.1%,  26.8%,  and  29.6%;  the  PL  spectrum  of  LWIR 
InAs/GaSb  SLS  from  Ref.  20  is  also  shown.  The  measurements  were 
performed  at  7  =  13  K  with  excitation  power  of  100  mW. 


Wavelength  (pm) 


Fig.  2.  PL  spectra  of  lnAs08Sb0.2  at  7  =  13  K  measured  with  exci¬ 
tation  power  levels  of  20  mW,  50  mW,  and  90  mW.  The  excitation 
area  was  1.2  x  10~3  crrr2.  The  shift  of  the  energy  maximum  in  the 
range  of  excitation  power  was  below  2  meV. 


that  the  SLS  structures  were  grown  under  strain  of 
less  than  0.33%  without  relaxation.  The  1-pm-thick 
layers  of  InAs  and  InSb  were  grown  on  matching 
substrates  to  assess  the  FWHM  of  the  PL  spectra  of 
the  binary  materials  for  comparison  with  data  for 
ternary  alloys  and  SLS.  The  InAs  layers  were 
enclosed  with  carrier  confinement  layers  consisting  of 
several  periods  of  AlSb/AlAs  SLS.  Details  of  growth 
conditions  for  InAs  layers  and  the  design  of  the  con¬ 
finement  layers  can  be  found  in  Ref.  17. 

EXPERIMENTAL  PROCEDURES 

PL  was  excited  with  a  Nd:YAG  laser  (A  =  1064  nm) 
operating  in  either  continuous-wave  (CW)  or 
Q-switched  mode.  The  PL  spectra  were  obtained  with 
a  Nicolet  Magna-860  Fourier-transform  infrared 
(FTIR)  spectrometer.  The  PL  was  detected  with  an 
external  liquid-nitrogen-cooled  HgCdTe  (MCT)  pho¬ 
todetector  with  spectral  response  extending  up  to 
14  nm.  The  excitation  source  operating  in  CW  mode 
with  external  modulation  at  frequency  of  1  kHz  and 
the  FTIR  spectrometer  in  step-scan  mode  were  used 
for  PL  measurements  in  the  wavelength  range  longer 
than  8  nm.  In  the  wavelength  range  below  8  pm,  the 
FTIR  spectrometer  was  operated  in  continuous-scan 
mode.  With  variation  of  the  sample  temperature 
from  13  K  to  300  K,  the  CW  power  level  ranged  from 
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Fig.  3.  Dependence  of  the  energy  gaps  on  Sb  composition  in  bulk 
InAsSb  grown  on  AllnAsSb  metamorphic  buffers  (blue  solid  circles) 
and  in  type  II  InAsSb/lnAs  SLS  grown  on  GaSb  (red  open  circles). 
Data  obtained  from  PL  maxima  determined  at  T=  13  K.  The  fit  for 
bulk  InAsSb  was  obtained  with  the  energy  gap  bowing  parameter  of 
0.87  eV. 


20  mW  to  500  mW.  The  corresponding  power  densi¬ 
ties  were  from  2  W/cm2  to  50  W/cm2.  The  structures 
were  cooled  with  a  closed-cycle  He  cryohead  M22 
(Janis)  with  ZnSe  window  coating  optimized  for  high 
transmission  in  the  long-wavelength  infrared  range. 
The  PL  was  collected  with  the  reflective  objective. 
High  excitation  of  SLS  structures  for  population  of 
high-energy  states  was  obtained  with  the  excitation 
source  operating  in  Q-switched  mode  with  100-ns 
pulse  width  and  repetition  rate  of  100  kHz.  The 
excitation  area  was  0.5  mm  in  diameter.  The  laser 
emission  scattered  from  the  sample  and  window 
surfaces  was  rejected  with  a  Ge  filter.  The  PL  spectra 
measured  at  several  points  of  the  wafers  showed  high 
homogeneity  of  the  material  composition. 


RESULTS  AND  DISCUSSION 

The  energy  gaps  were  determined  from  low-tem¬ 
perature  PL  spectra  obtained  under  low  excitation 
power.  This  simplified  approach  provided  adequate 
accuracy  for  ternary  materials.  Figure  1  shows  the 
normalized  PL  spectra  of  the  bulk  InAsSb  alloys, 
type  II  InAsSb/lnAs  SLS,  and  binary  epilayers 
measured  at  T  =  13  K.  Both  the  bulk  InAsSb  mate¬ 
rials  and  type  II  SLS  showed  narrow  PL  spectra 
with  Gaussian  line  shape.  FWHM  of  11  meV  was 
measured  for  the  bulk  InAsSb  layers  with  both  20% 
and  44%  Sb  compositions,  being  superior  to  the 
FWHM  values  reported  for  bulk  InAsSb  grown  on 
AlInAsSb-based  SLS  buffers.'  FWHM  of  about 
16  meV  was  measured  for  all  type  II  InAsSb/lnAs 
SLS.  The  FWHM  of  PL  for  InAs  layers  (11  meV)  was 
similar  to  that  for  the  bulk  InAsSb,  while  the 
PL  spectra  of  InSb  epilayers  showed  a  lower  FWHM 
of  5.5  meV.  The  FWHM  values  of  InAsSb-based 
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Fig.  4.  PL  spectra  of  lnAs0  .775Sb0  225/lnAs  SLS  (a)  and  In- 
Aso.704Sbo.296/lnAs  SLS  (b)  under  pulsed  excitation  with  pulse  width 
of  100  ns,  repetition  rate  of  100  kHz,  and  average  power  of  0.5  W. 


materials  measured  in  this  work  are  comparable  to 
those  reported  in  the  literature  for  longwave  infra¬ 
red  (LWIR)  InAs/GaSb  SLS.21  Low-temperature  PL 
spectra  obtained  for  a  range  of  excitation  powers 
(Fig.  2)  showed  that  a  blue-shift  of  the  PL  peak  did 
not  exceed  2  meV  with  increase  of  CW  pumping 
power  from  20  mW  to  100  mW.  Small  values  of 
FWHM  of  PL  spectra  at  T  =  13  K  confirmed  the  good 
homogeneity  of  the  studied  materials.  It  was  con¬ 
cluded  that,  for  measurements  of  PL  spectra  in  these 
materials,  the  pumping  power  level  of  100  mW  with 
excitation  area  of  10  :i  cm2  was  adequate. 

The  energy  gaps  of  the  materials  were  determined 
from  the  PL  maxima  at  T  =  13  K.  The  bulk  InAsSb 
layers  with  20%  and  44%  Sb  showed  peak  PL 
wavelengths  of  5.2  /tm  (Eg  =  0.24  eV)  and  10.3  /tm 
(Eg  =  0.12  eV),  respectively.  The  PL  peak  wave¬ 
lengths  of  type  II  InAsSb/lnAs  SLS  were  in  the 
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range  from  6.5  pm  (Eg  =  0.191  eV)  to  9.1  pm 
(Eg  =  0.136  eV)  with  change  of  Sb  composition  in  the 
barrier  from  22.5%  to  29.6%.  The  dependences  of  the 
energy  gap  on  Sb  composition  for  both  bulk  and  SLS 
materials  are  shown  in  Fig.  3.  A  number  of  addi¬ 
tional  wafers  of  bulk  InAsSb  with  high  Sb  composi¬ 
tions  were  grown  after  previously  reported  data.18 
The  dependence  was  fitted  using  the  equation 


^g(InAsSb)  (1  X)E g( | n,\s)  T  ^-Fg(InSb)  x(l  X)C . 

(1) 

where  £g(inAsSb),  £g(inAs),  and  Eg(inSb>  are  the  energy 
bandgaps  of  the  materials  and  C  is  the  bowing 
parameter  for  the  energy  gap.  A  good  fit  was  ob¬ 
tained  for  C  =  0.87  eV.  The  obtained  value  was 
greater  than  that  reported  in  most  experimental 
works  and  greater  than  the  previously  recom¬ 
mended  value  of  0.67  eV.2J  The  variations  in  the 
reported  data  could  be  explained  by  differences  in 
the  growth  conditions  or  the  presence  of  residual 
strain  of  various  degrees  in  the  reported  data,  which 
can  affect  the  energy  band  spectra  and  may  lead  to 
the  possibility  of  Cu-Pt  ordering. 7 ,23 

The  energy  gaps  for  InAsSb/InAs  SLS  are  lower 
than  those  for  bulk  InAsSb  with  similar  Sb  compo¬ 
sitions  due  to  the  type  lie  band  line-up.8  In  Fig.  3, 
one  can  see  a  trend  of  more  rapidly  decreasing 
bandgaps  for  the  SLS  than  the  bulk  material  for 
increasing  Sb  composition.  This  implies  that  the 
band  offsets,  AEC,  must  be  increasing  with  the  Sb 
composition  at  a  faster  rate  than  the  InAsSb  band- 
gap  itself.  We  can  quantify  the  relative  band  posi¬ 
tions  as  follows:  Considering  the  relatively  low 
conduction-band  offsets  in  InAsSb/InAs  SLS  struc¬ 
tures,  high-energy  states  in  the  conduction  band  of 
InAs  can  be  populated  with  electrons,  revealing 
details  of  the  energy  structure  of  the  SLS  from  PL 
spectra.  Experimentally,  this  approach  was  imple¬ 
mented  with  higher-energy  pulsed  excitation  using 
the  solid-state  laser  operating  in  Q-switched  mode. 
Population  of  high-energy  states  under  pulsed 
excitation  of  carriers  in  InAsi_xSbx/InAs  SLS 
resulted  in  broadening  of  the  PL  spectra.  Under  low 
excitation,  only  a  single  PL  peak  was  observed 
(Fig.  1).  For  the  InAsSb/InAs  SLS  structure  with 
22.5%  Sb  the  main  peak  was  centered  at  photon 
energy  of  0.19  eV  and  the  second  peak  was  observed 
at  0.25  eV  (Fig.  4a).  We  associated  the  second  PL 
peaks  with  the  transitions  of  electrons  from  the  3D 
continuum  to  quasi-2D  hole  states  in  the  InAsSb 
portion  of  the  SLS  period.  The  peak  energy  differ¬ 
ences  of  60  meV  can  be  interpreted  as  the  distance 
from  the  bottom  of  the  SLS  miniband  to  the  bot¬ 
tom  of  the  conduction  band  in  the  InAso.775Sbo.225 
barriers. 

Calculation  of  low-temperature  energies  was 
performed  using  the  material  parameters  recom¬ 
mended  in  Ref.  22.  The  energy  gap  bowing  param¬ 
eter  was  taken  to  be  0.87  eV  as  obtained  in  this 


work.  The  stiffness  coefficients  Cn  and  C12  as  well 
as  the  deformation  coefficients  for  the  conduction 
band  (ac)  and  valence  band  (av  and  b )  for  binaries 
were  taken  from  Ref.  22  as  follows:  for  InSb: 
ac  =  —6.94  eV,  av  =  —0.36  eV,  b  =  —2.0  eV,  Cn  = 
684.7  GPa,  and  Ci2  =  373.5  GPa;  for  InAs: 
ac  =  —5.08  eV,  av  =  —1.0  eV,  b  =  -1.8  eV,  Cn  = 
832.9  GPa,  and  Ci2  =  452.6  GPa.  In  Fig.  5,  for  free¬ 
standing  InAsSbo.225  with  lattice  constant  of 
6.147  A  the  following  coefficients  were  obtained  by 
linear  interpolation  of  the  data  for  binaries:  ac  = 
-5.5  eV,  av  =  -0.856  eV,  b  =  -1.845  eV,  Cn  = 
800  GPa,  and  C12  =  435  GPa.  The  in-plane  strain  in 
InAsSbo.225  grown  on  GaSb  was  calculated  to  be 
e  =  —1.05%.  In  accordance  with  Ref.  29,  the  shifts  of 
the  conduction-  and  valence-band  energies  due  to 
hydrostatic  strain  were  calculated  as  8HC  =  2 ac 
(1  -  Ci2/Cn)e  =  51  meV  and  SHV  =  -2av(l  -  Ci2/ 
Cn)s  =  -8  meV,  respectively.  The  split  of  hole  en¬ 
ergy  into  subbands  due  to  the  shear  strain  was 
found  to  be  SS  =  5(1  +  2Ci2/Cn)e  =  39  meV.  The 
overall  shifts  of  the  heavy-  and  light-hole  energies 
were  found  to  be  4Ehh  =  31  meV  and  8Em  = 
—47  meV,  respectively.  The  miniband  energies  in 
SLS  estimated  by  the  Kronig-Penney  model  were 
relatively  small,  playing  a  minor  role  compared  with 
the  effects  of  strain.  First,  the  valence-band  energy 
for  InAsSb  of  a  given  Sb  composition  was  obtained 
from  linear  interpolation  between  Ev  =  —590  meV 
in  InAs  and  Ev  =  0  meV  in  InSb.  For  InAsSb  with 
22.5%  Sb  grown  on  GaSb,  an  unstrained  valence- 
band  energy  of  Ev  =  -457  meV  was  obtained.  For  the 
1.1%  compressive  strain  in  the  growth  direction 
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Fig.  5.  Band  profile  of  two-period  lnAs/lnAs0.775Sbo.225.  The  black 
solid  line  represents  the  miniband  energy  position.  The  black  dotted 
lines  represent  the  energy  position  of  heavy  holes.  The  red  lines 
represent  the  energy  position  of  the  conduction  band  of  free-standing 
lnAso.775Sbo.225-  The  red  dotted  lines  represent  the  energy  position 
of  the  valence  band  of  free-standing  lnAso.775Sbo.225-  The  energy 
position  of  the  miniband  is  12  meV  above  the  conduction  band  of 
InAs.  The  energy  position  of  the  heavy  holes  is  14  meV  below  the 
valence  band  of  lnAso.775Sbo.225. 
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calculated  for  InAso.v75Sbo.225  on  GaSb,  the  hole 
splitting  and  energy  shift  would  result  in  a  heavy- 
hole  energy  of  Ehh  =  —426  meV.  The  hole  miniband 
energy  with  respect  to  the  edge  was  estimated  to  be 
14  meV.  This  resulted  in  a  maximum  hole  energy  in 
InAso.775Sbo.225  of  .Eh  =  -440  meV.  For  free-stand¬ 
ing  InAs  the  conduction-band  energy  was  taken  to 
be  Ec  =  —173  meV.  For  InAs  on  GaSb  substrate  at 
T  =  13  K,  tensile  strain  of  -0.57%  was  obtained. 
Accounting  for  strain  resulted  in  electron  energy  of 
Ec  =  —197  meV.  The  energy  of  the  bottom  of  the 
electron  miniband  was  estimated  to  be  12  meV.  The 
minimum  electron  energy  in  InAsSb/InAs  SLS  was 
estimated  to  be  Ee  =  —185  meV.  Thus,  linear  inter¬ 
polation  of  the  valence-band  energy  predicted  an 
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Fig.  6.  PL  spectra  of  bulk  lnAs0.8Sbo.2  (a)  and  lnAs0  ,54Sb0  46  (b)  at 
T=  13  K,  30  K,  77  K,  and  150  K.  Excitation  power  was  100  mW. 


SLS  energy  gap  of  255  meV,  while  the  experiment 
suggested  Eg  of  191  meV.  To  obtain  matching  with 
the  experiment,  a  64  meV  difference  was  added  to 
the  valence-band  energy  of  InAso.775Sbo.225- 

The  conduction-band  energy  in  InAso.775Sbo.225 
was  corrected  accordingly,  resulting  in  an  increase 
of  the  conduction-band  offset.  For  free-standing 
material,  Ec  =  -169  meV  was  obtained.  Account¬ 
ing  for  strain  resulted  in  Ec  =  — 118  meV.  Thus, 
the  energy  barrier  for  electrons  was  estimated  to 
be  67  meV,  which  is  reasonably  close  to  the  value 
of  60  meV  obtained  from  interpretation  of  the 
experiment. 

For  InAsSb  with  29.6%  Sb,  an  electron  barrier  of 
88  meV  was  predicted.  Due  to  the  large  value  of 
the  barrier,  for  this  structure  the  second  peak  in 
the  broadened  PL  spectra  was  not  observed 
(Fig.  4b).  For  the  SLS  sample  with  Sb  composition 
of  25.1%  the  shape  of  the  broadened  PL  spectra 
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Fig.  7.  PL  spectra  of  bulk  lnAs0.8Sb0.2  (a)  and  lnAs0.56Sb0.46  (b)  at 
T  =77  K  (black  lines)  and  fitting  based  on  Eq.  3  (blue  lines).  See  the 
text  for  details  on  fitting. 
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Fig.  8.  Temperature  dependences  of  the  energy  gaps  of  bulk  In- 
As0.8Sb0.2  (a)  and  lnAs0.56Sb0.44  (b).  The  fits  were  obtained  using  the 
following  Varshni  parameters:  Eg0  =  0.226  eV,  a.  =  3.2  meV/K,  and 
b  =  100.4  K  for  lnAso.8Sb02;  Eg0  =  0.119  eV,  a  =  1.2  meV/K,  and 
b  =  33.3  K  for  lnAs0.56Sb0.44. 


was  influenced  by  the  absorption  of  vapors  in  the 
atmosphere. 

The  energy  estimations  above  are  based  on  sev¬ 
eral  assumptions  which  contain  uncertainties, 
beginning  with  the  position  of  the  InAs  Ev  relative 
to  that  of  InSb  and  the  effect  of  strain.  Note,  for 
example,  that  the  strain  effect  is  entirely  responsi¬ 
ble  for  moving  the  InAsSb  bands  from  a  type  I  to  a 
type  lie  line-up  with  the  InAs. 

The  obtained  results  suggest  negative  bowing  for 
the  valence-band  energy  of  InAsSb.  Adopting  the 
constant  bowing  parameter  results  in  a  value  of 
—0.3  eV  for  the  valence  band  for  Sb  composition  in 
the  range  from  20%  to  30%,  which  is  in  agreement 
with  the  results  of  Ref.  10.  With  extrapolation  of  the 
dependence  to  lower  Sb  compositions,  a  larger 
bowing  parameter  would  be  expected.  This  obser¬ 
vation  is  in  agreement  with  the  results  presented  in 
Ref.  9.  Extrapolation  to  larger  Sb  composition  would 
result  in  smaller  bowing  parameters.  The  latter  was 
confirmed  in  Ref.  24  in  a  study  of  SLS  with  higher 
Sb  compositions.  The  assumption  of  a  value  of 
-0.3  eV  for  the  valence-band  bowing  leaves  a  value 
of  +0.57  eV  for  the  bowing  parameter  of  the  con¬ 
duction  band. 

The  temperature  dependences  of  the  energy  gaps 
were  determined  with  the  help  of  PL  spectra.  The  PL 
spectra  of  bulk  InAsSb  for  both  Sb  compositions  in 
the  temperature  range  up  to  150  K  were  measured 
under  a  constant  excitation  level  of  100  mW  (Fig.  6). 
In  this  range,  the  bulk  InAso.8Sbo.2  showed  a  30  meV 
shift  of  the  PL  peak,  while  for  InAso.54Sbo.46  the 
energy  was  nearly  constant.  To  determine  the  energy 
gap  from  the  PL  spectra,  we  must  account  for  the 
broadening  of  PL  with  temperature.  Assuming 
conservation  of  the  wavevector  in  direct-bandgap 
recombination  with  photon  emission,  one  can  expect 
the  line  shape  of  the  PL  spectrum  to  be  described  by 
the  following  expression:" 
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Fig.  9.  (a)  PL  spectra  of  InAsSb/lnAs  with  Sb  composition  of  29.6% 
in  the  temperature  range  from  13  K  to  150  K.  (b)  Temperature 
dependences  of  integrated  PL  intensities  obtained  from  data  for 
type  II  InAsSb/lnAs  SLS  and  for  bulk  lnAs054Sbo.46.  Excitation 
power  was  100  mW. 


I(hco)  ex  {hco  -  Eg) 1/2  exp(-(/icu  -  Ee) /kBT),  (2) 

where  ho  is  the  photon  energy,  Es  is  the  energy 
bandgap  of  the  material,  k b  is  the  Boltzmann  con¬ 
stant,  and  T  is  the  temperature  of  carriers.  By  dif¬ 
ferentiation  of  Eq.  2  one  can  show  that  the  PL 
emission  achieves  its  peak  at  photon  energy  of  T/2 
greater  than  the  energy  of  the  bandgap.  Thus,  with 
wavevector  conservation  in  the  PL  process,  the 
energy  gap  can  be  estimated  by  subtraction  of  a  half 
of  ky>,T  from  the  photon  energy  at  the  peak  PL  value. 

In  the  experiment,  the  high-energy  tail  in  the  PL 
spectrum  can  be  fitted  by  an  exponential  term  in 
expression  (2)  while  in  the  range  to  the  left  of  the  PL 
maximum  the  line  shape  is  broader  than  that  pre¬ 
dicted  by  Eq.  2.  Following  the  approach  often  used 
in  literature,6,26  the  expression  for  fitting  of  the 
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experimental  spectra  was  taken  as  shown  below 
with  a  (hco  —  Eg)  term  to  power  n : 

I(hco)  oc  (hco  —  Eg)n  exp(  —  (hco  —  Eg)/kp,T).  (3) 

Figure  7  shows  the  fits  to  the  PL  spectra  obtained 
with  the  use  of  Eq.  3.  A  good  fit  of  the  experimental 
data  was  obtained  with  n  close  to  2.  The  value  n  =  2 
can  be  justified  for  the  case  of  radiative  recombi¬ 
nation  without  conservation  of  the  wave  vector. 26 
Thus,  the  experimental  results  obtained  in  this 
work  suggest  participation  of  phonons  in  the  radi¬ 
ative  recombination  process.  Deviation  from  the  fit 
at  low  energies  could  be  explained  by  a  contribution 
from  weaker,  two-phonon  processes.  With  n  =  2  the 
energy  gap  can  be  obtained  by  subtraction  of  2 kBT 
from  the  PL  maxima.  Note  that,  for  InAsSb  with 
46%  Sb  composition,  the  value  of  2 kBT  is  about  10% 
of  the  energy  bandgap  at  77  K.  Figure  8  shows  the 
temperature  dependence  of  the  energy  gap  obtained 
from  the  PL  maximum  by  subtraction  of  ‘Ik^T.  The 
dependences  were  fitted  using  the  Varshni  param¬ 
eters  shown  below:27 

Eg  =  Eg0-oiT2/(T  +  [3),  (4) 

where  Eg0  represents  the  energy  gap  of  the  material 
at  T  =  0  K.  The  best  fits  were  obtained  with 
a  =  0.32  meV/K,  [3  =  100.4  K  and  a  =  0.12  meV/K, 
[3  =  33.3  K  for  bulk  InAs0.8oSb0.20  and  InAs0.56Sb0.44, 
respectively.  The  empirical  parameter  [3  is  often 
attributed  to  the  Debye  temperature.26  A  smaller  [3 
value  for  InAso.54Sbo.46  implies  a  greater  role  of  lat¬ 
tice  vibrations  in  narrow-gap  materials.  This  may 
explain  a  greater  role  of  radiative  recombination 
without  wavevector  conservation  in  the  PL  of  nar¬ 
row-gap  materials. 

The  temperature  dependences  of  the  PL  intensi¬ 
ties  and  energies  of  the  PL  maxima  in  InAso.704 
Sb0.296/InAs  SLS  in  comparison  with  bulk  InAso.54 
Sbo.46  are  shown  in  Fig.  9.  The  data  suggest  that 
the  PL  intensities  of  the  bulk  and  SLS  materials 
are  comparable  in  the  low-temperature  range 
( T  <  30  K).  Outside  of  this  range,  the  PL  intensity 
of  the  bulk  materials  decreases  more  slowly  with 
temperature  compared  with  that  of  the  SLS.  The 
peak  PL  energy  of  the  bulk  material  is  less  sensi¬ 
tive  to  temperature.  A  weak  temperature  depen¬ 
dence  of  the  PL  peak  for  InAs0.56Sb0.46  was 
mentioned  above.  For  the  InAsSb/InAs  SLS,  in 
addition  to  the  effect  of  the  stronger  temperature 
dependence  of  the  energy  gap  in  InAs,  the  energy 
of  radiative  transitions  depends  also  on  the  tem¬ 
perature  dependence  of  the  band  offset.  The 
temperature  dependence  of  the  energy  gap  in  In- 
Aso.704Sbo.296/InAs  SLS  was  fitted  using  Varshni 
parameters  of  a  =  0.18  meV/K  and  j3  =  135  K, 
similar  to  those  reported  in  Ref.  12. 


CONCLUSIONS 

Temperature  dependences  of  PL  spectra  were 
obtained  for  unrelaxed  bulk  InAsSb  and  type  II 
InAsSb/InAs  with  Sb  compositions  corresponding  to 
energy  gaps  in  the  midwave  and  longwave  infrared 
spectral  ranges.  Low-temperature  energy  gaps  as 
low  as  0.120  eV  and  0.136  eV  with  PL  FWHM  of 
11  meV  and  16  meV  were  demonstrated  for  bulk 
InAsSb  and  type  II  InAsSb/InAs,  respectively.  The 
bowing  parameter  for  bulk  InAsSb  was  found  to  be 
0.87  eV,  considerably  greater  than  the  previously 
recommended  value  of  0.67  eV.  The  experimental 
data  on  the  conduction-band  offset  at  the  InAso.775 
Sb0.225/InAs  interface  suggest  bowing  parameters 
for  the  conduction  and  valence  bands  of  +0.57  eV 
and  —0.3  eV,  respectively.  This  result  is  based  on 
the  assumption  of  0.59  eV  difference  between  the 
valence-band  energies  of  InAs  and  InSb.  Broaden¬ 
ing  of  PL  spectra  with  temperature  was  attributed 
to  phonon-assisted  radiative  recombination  without 
wavevector  conservation. 
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